The electronic structure, magnetic moments, effective exchange interaction parameter and the magnetic anisotropy energy of [monolayer Co]/Ir(1 1 1) and Co intercalated graphene on Ir(1 1 1) are studied making use of the first-principles density functional theory calculations. A large positive magnetic anisotropy of 1.24 meV/Co is found for [monolayer Co]/Ir(1 1 1), and a high Curie temperature of 1190 K is estimated. These findings show the Co/Ir(1 1 1) system is a promising candidate for perpendicular ultra-high density magnetic recording applications. The magnetic moments, exchange interactions and the magnetic anisotropy are strongly affected by graphene. Reduction of the magnetic anisotropy and the Curie temperature are found for graphene/[monolayer Co]/Ir(1 1 1). It is shown that for graphene placed in the hollow-hexagonal positions over the monolayer Co, the magnetic anisotropy remains positive, while for the placements with one of the C atoms on the top of Co it becomes negative. These findings may be important for assessing the use of graphene for magnetic recording and magnetoelectronic applications.
Introduction
The studies of new nanoscale materials with perpendicular magnetic anisotropy (PMA) are particularly timely and important due to the currently growing interest in perpendicular magnetic recording [1] and spin-transfer torque applications [2] .
We focus on the influence of graphene on the anisotropic magnetic properties of ultra-thin magnetic films. Recent experiments using spin-polarized scanning tunnelling microscopy [3] observed magnetic moire patterns in Co intercalated graphene on Ir(1 1 1). Spin-polarized low-energy electron microscopy [4] experiments showed that the graphene film promotes PMA in the underlying Co film. However, with neither technique is it possible to extract quantitative information about the magnetic anisotropy energy (MAE).
In the work reported here, we provide details of the effect of graphene on the electronic structure, the spin and orbital magnetic moments, the effective exchange interactions, and the MAE of the Co overlayer on the Ir(1 1 1) substrate, by making use of the first-principles density functional theory calculations. Knowledge of the MAE is essential for evaluating the magnetic bit stability over the superparamagnetic limit, and the effective exchange interaction parameter allows us to estimate the Curie temperature.
Method of calculation
We start with the supercell calculations for a Co overlayer on an Ir(1 1 1) surface. A supercell model is used that consists of a ten-layer Ir(1 1 1) substrate and Co monolayers (MLs) on each side of the substrate (see figure 1(a) ). The in-plane interatomic distance for pure Ir (5.132 a.u.) was adopted and kept fixed in the calculations. The structural optimization used the standard VASP-PAW [5] program package without spin-orbit coupling (SOC) employing the generalized gradient approximation, GGA-PBE. For Graphene forms a moire superstructure on Ir(1 1 1) due to the in-plane lattice mismatch. In order to directly model this superstructure, one would need to consider 10 × 10 graphene (with 200 C atoms) placed on 9×9 Ir(1 1 1) (with 81 Ir atoms in each Ir layer), and insert 9×9 Co layer(s) between the graphene and Ir (1 1 1) substrate. The application of density functional theory to such a superstructure is a difficult task when taking into account that high-accuracy relativistic calculations with the SOC included are necessary for the magnetic anisotropy calculations.
Instead of considering a large superstructure, we place two C atoms of the graphene unit cell on the top of a ML Co/Ir(1 1 1) (GR/[1ML Co]/Ir(1 1 1)), and consider three different placements for the graphene overlayer: (1) top-hcp, one of the C atoms is on the top of the Co, the other is over the Ir interface ML; (2) top-fcc, one of the C atoms is on the top of the Co, the other is over the Ir sub-interface ML; and (3) hollow-hexagonal, one of the C atoms is on the top of the Ir interface ML, the other is over the Ir sub-interface ML. This supercell model, which consists of a ten-layer Ir(1 1 1) substrate and 1 ML of Co on each side of the substrate covered by a layer of graphene, is shown in figure 1(b) . In addition 1 ML of Co on the Ir(1 1 1) surface [1ML Co]/Ir(1 1 1) is used in order to analyse graphene-induced changes in the magnetic properties of the Co atoms.
As mentioned above, the structural optimization is performed using the standard VASP-PAW program package employing the GGA-PBE approximation. The in-plane interatomic distance of pure Ir (5.132 a.u.) was adopted and kept fixed in the calculations. For GR/[1ML Co]/Ir(1 1 1), for top-hcp and top-fcc, we obtain that graphene is strongly bonded to the Co atom, with d [C−Co] = 3.80 a.u., 3.72, respectively. For the hollow-hexagonal case, the C atoms are much less connected to the substrate, with d [C−Co] = 4.27 a.u.
Once the structure relaxation is done, we use the relativistic version of the full-potential linearized augmented plane-wave method (FP-LAPW) [6] , in which SOC is included in a self-consistent second-variational procedure [7] . The conventional (von Barth-Hedin) local spin-density approximation (LSDA) is adopted in the calculations, which is expected to be valid for itinerant metallic systems. The radii of the atomic muffin-tin spheres are set to 1.4 a.u. for C atoms, 2.2 a.u. for Co atoms and 2.5 a.u. for Ir atoms. The parameter R Co × K max = 7.7 defines the basis set size and the two-dimensional Brillouin zone (BZ) was sampled with 229 k points.
Electronic structure
Spin M S and orbital M L magnetic muffin-tin moments are shown in table 1 for the Co/Ir interface (I) and sub-interface , and an enhancement of the magnetic polarization of the substrate. This is consistent with the structure relaxation-induced reduction of distance d [Co−Ir] , leading to an increase of hybridization between the Co overlayer and the Ir substrate. The Ir interfacial layer is spinpolarized parallel to the Co ML, while the spin-polarization for Ir-(I-1) is anti-parallel.
For the GR/[1ML Co]/Ir(1 1 1) case, the spin moments are practically zero for the C atoms of the graphene ML for the hollow-hexagonal position, reflecting a very weak interaction between the Co ML and graphene. Once the C atom interacts with the Co atom underneath, as in the case of the top-fcc and top-hcp graphene placements, the spin magnetic moments are induced. The total induced spin moment in graphene is very small (≈0.01 µ B ), and is oriented anti-parallel to the Co ML moment.
The spin-and orbital-resolved projected densities of dstates (dDOS) for the Co layer (E 1 : {xz, yz}, E 2 : figure 2 . It is seen that there is only a minor difference between the Co atom (1 1 1). This is due to the weak bond between the C atoms and the Ir atoms. For the top-fcc position where one of the C atoms is over a Co, there is a substantial modification of the dDOS, especially for the partially occupied spin-minority A-state.
Effective exchange interaction parameter
A general expression for the effective exchange interaction of a given site for all magnetic environments [8, 9] is
where G σ =↑,↓ is the spin-diagonal elements of the on-site local LSDA Green function in the local basis of γ = (l, m, σ ) spin orbitals {φ γ },
Note that the SOC is included in the LSDA Hamiltonian
is the on-site exchange splitting and E F is the Fermi energy.
We have implemented equation (1) in the FP-LAPW basis making use of the previous implementation for the G LSDA in equation (2) as described in [14] . Since most of the muffintin magnetic moments M S are of d(l = 2) orbital character, only the d-states part of the [G LSDA ] matrix was considered in equation (1) . For bulk hcp Co, we get J 0 = 0.179 eV, in reasonable agreement with the previously reported value of 0.184 eV [15] .
Applying equation (1) of J 0 at the Ir(I) interface and sub-interface Ir(I-1) are much smaller than the value for the Co atom, reflecting the smallness of the Ir local magnetic moments induced by the Co ML. The graphene placed on the top further reduces the magnitude of J 0 (see table 1 ).
The effective exchange interaction parameter can be used for the mean-field estimate of the magnetic ordering Curie temperature, T (1 1 1) , the Curie temperature will be reduced further to 650-843 K.
Magnetic anisotropy energy
For hexagonal symmetry, the magnetic anisotropic energy E A (θ, φ) as a function of the spherical angles θ and φ is
where K 1 and K 2 are the uniaxial MAE constants, and K 3 and K 4 are the higher-order anisotropy constants [10] . The relativistic FP-LAPW method gives an accurate determination of the magneto-crystalline anisotropy energy. In order to evaluate the MAE of equation (3), we make use of the torque method [11] . For a FP-LAPW basis, the torque method was first implemented in [12] . It can be formulated as follows. We solve the Kohn-Sham equations for a two- 
where U(θ, φ) is a conventional spin rotation matrix and | = U(θ, φ)| . From the angular dependence of the torque,
the uniaxial MAE constants, K 1 and K 2 , and the higherorder anisotropy constants, K 3 and K 4 , are evaluated. An advantage of this approach is that it allows separation of equation (5) into the sum of the element-specific contributions from different atoms in the unit cell [16] , and the evaluation of the element-specific contributions to the anisotropy constants and the total MAE. We point out that care should be taken with the convergence of the torque T (θ, φ) in equation (6) with respect to the two-dimensional BZ integration. For [1ML Co]/Ir(1 1 1), we found that the torque converges to better than 0.1 meV/Co for 3482 k points in the BZ. The θ angular dependence of T (θ, φ) in equation (6) with φ = 0 is shown in figure 3(a) for a Co/Ir(1 1 1)/Co unit cell (see figure 1(a) , note that it contains two Co atoms). For T (θ, φ = π/6), the angular dependence was found to be very similar. It is seen that the Co contribution to the total torque is rather small. The corresponding anisotropy constants, K 1 , (1 1 1 (see table 3 ). Also we note that the C atoms of graphene do not yield any noticeable contribution to the MAE since their induced magnetic moments are small (∼0.01 µ B ) and the SOC is small. Furthermore, we analyse the layer-(element-specific) and spin-resolved torques T ↑↑ , T ↑↓ and T ↓↓ , together with the total torque T = T ↑↑ + T ↑↓ + T ↓↓ evaluated at (θ = π/4, φ = 0) (per unit cell, meV) for [1ML Co]/Ir(1 1 1) and GR/[1ML Co]/Ir(1 1 1). As was already mentioned, MAE ≈ T (θ = π/4, φ = 0) holds. We found that placement of graphene leads to the changes in the torque contributions mainly from the Co interface, Ir interface and Ir interface-1 layers. These layerand spin-resolved torques are shown in table 4.
In the top-fcc case, a graphene overlayer affects the Co layer contribution to the MAE. This is mainly due to enhancement of the T ↓↓ positive contribution. This can be explained within the SOC perturbation theory, which is valid for Co [18] , as the SOC to the exchange splitting ratio ξ ∼ 0.05 is small. As follows from the spin-and orbitalresolved Co dDOS shown in figure 2 , the changes in the spin-down channel near E F for the top-fcc placement of graphene are: (i) a downward shift of the E 1 : {xz, yz} peak away from E F and (ii) an upward shift of the A : {3z 2 − r 2 } peak. According to SOC perturbation theory, the coupling z 2 | x |{xz, yz} (where x is the operator for the x-axis projection of the orbital moment) makes a negative contribution to the MAE. These changes in the spin-minority dDOS promote a reduction of the absolute value of the negative MAE contribution, and the total positive MAE for the Co layer is increased. The change from positive to negative sign of the MAE for the top-fcc and top-hcp cases is due to the changes of the MAE contributions from the Ir interface and Ir interface-1 layers (see table 4 ). For the Ir interface layer, the parallel spin contributions T ↑↑ and T ↓↓ are negative, and compete with the positive T ↑↓ term. In the top-fcc and top-hcp cases, the negative MAE contributions prevail over the positive. Note that the absolute values of the individual spin-resolved torques for the Ir interface are substantially bigger than for the Co layer, and reflect the enhanced strength of the SOC of Ir over Co ( ξ Ir ξ Co ∼ 6.6). The sub-interface layer yields the negative contribution to the MAE, which is similar for all graphene placements. Note that the SOC perturbation theory of [18] is not valid for the MAE evaluation for 5d element atoms with strong SOC, where the SOC to the exchange splitting ratio is large, ∼4 for the Ir interface, and ∼10 for Ir interface-1 layers.
We estimate the magnetic recording density limit that would correspond to the MAE of the considered Co/Ir (1 1 . Taking into account the Curie temperature T C estimate of 1190 K, which is well above room temperature, we conclude that the Co/Ir(1 1 1) system is a promising candidate for perpendicular ultra-high density applications.
For Co intercalated graphene on Ir(1 1 1), we found a reduction of the positive MAE for the hollow-hexagonal placement of a graphene overlayer. In this case, the PMA remains, but the MAE is reduced by a factor of 3. This means that the corresponding bit size is increased by the same factor of 3 and the areal recording density is decreased to 2.7 × 10 12 bit in −2 . Still, the estimated Curie temperature of 843 K is reasonably high. However, for the top-fcc and top-hcp placements of graphene, the MAE becomes negative, which makes GR/[1ML Co]/Ir(1 1 1) unsuitable for PMA applications.
The above calculations show that the MAE of [1ML Co]/Ir(1 1 1) changes with a graphene overlayer. Experimental studies of the magnetic properties of cobalt intercalated in graphene on Ir (1 1 1) show an enhancement of the PMA [4] . These results were obtained for films that were a few Co MLs thick, and not a single Co overlayer. Moreover, we have used the commensurate in-plane unit cell of graphene instead of the experimental moire superstructure. This can lead to neglecting strong interface effects, such as charge transfer-induced polarization in the adsorbed graphene. From the computational point of view, the MAE evaluation for GR/[1ML Co]/Ir(1 1 1) in a realistic moire superstructure remains a challenge.
Conclusions
The first-principles FP-LAPW calculation of the electronic structure, magnetic moments, effective exchange interaction parameter and MAE of [monolayer Co]/Ir(1 1 1) and Co intercalated graphene on Ir(1 1 1) have been performed. The large positive magnetic anisotropy of 1.24 meV/Co was found for [monolayer Co]/Ir (1 1 1) , and a high Curie temperature of 1190 K was estimated. These findings make the Co/Ir(1 1 1) system a promising candidate for perpendicular ultra-high density magnetic recording applications. It is shown that the magnetic moments, exchange interactions and the magnetic anisotropy are strongly affected by graphene. For a graphene/[monolayer Co]/Ir (1 1 1) , a reduction of the magnetic anisotropy as well as the Curie temperature were found. It was shown that for graphene placed in the hollow-hexagonal positions over the ML Co, the magnetic anisotropy remains positive. For other placements with one of the C atoms on top of Co, the MAE becomes negative. These findings may be important for assessing the use of graphene for future applications and developments of nanoscience and nanotechnology, such as ultrahigh-density magnetic recording media, spin torque based magnetic random-access memories, magnetic tunnel junctions and tunnelling anisotropic magnetoresistance devices.
